The chiral self-discrimination of twelve molecules showing axial chirality has been studied. They included peroxides, hydrazines, carboxylic acids, amides, and allenes. The homo and heterochiral dimers of the selected compounds, that present two hydrogen bonds, have been studied by means of density functional theory ͑B3LYP/6-31ϩG**͒ and ab initio ͑MP2/6-31ϩG** and MP2/6-311ϩϩG**͒ methods. The energetic differences found for the complexes of each compound have been rationalized based on their electron density maps and the natural bond orbital analysis. In some cases, intermolecular oxygen-oxygen interactions have been found and interpreted as additional stabilizing contacts.
INTRODUCTION
The chiral discrimination through hydrogen-bonded complexes is of paramount importance in biological processes where only one enantiomer is present as building block of the proteins ͑L-aminoacids͒ and nucleic acids ͑D-sugars͒. In addition, such discrimination can be found in liquid chromatography separation of enantiomers, the application of chiral additives in nuclear magnetic resonance ͑NMR͒, and some crystallization of racemix mixtures.
Wynberg and Feringa 1 proposed in 1976 that the different reactivity of pure enantiomeric mixtures and racemic ones based on the difference of what they called the ''enantiomeric recognition'' effect in the first case and ''antipodal interaction'' in the latter. In the same year, Craig and Mellor 2 review the energetic sources of the chiral discrimination in intermolecular interactions and introduced the term chirodiastaltic to define them.
Only a few articles have explored the study of the chiral discrimination due to hydrogen bond complexation using ab initio methods. Leutwyler and co-workers 3 studied the interaction of the two isomers of HOOH and chiral derivatives of oxirane using MP2 and B3LYP computational methods. The largest chirodiastaltic energy found was 0.46 kcal/mol. In addition, Alkorta and Elguero 4 studied the selfdiscrimination of a series of ␤-aminoalcohols. In all the cases studied, the most stable dimer was the heterochiral one ͑RS or SR͒ up to 1.60 kcal/mol. However, when the solvent effect was considered the stability of several of the complexes was reversed in favor of the homochiral one ͑RR or SS͒.
In the case of compounds with axial chirality, the configuration of the two different enantiomers are denoted with the stereodescriptors Ra and Sa ͑or by P, plus, and M, minus͒. 5 This kind of chirality is characteristic of allenes and biphenyl derivatives. In fact, a recent work by Zavada and co-workers 6 shows the self-assembling properties in solid state of enantiopure and racemic biaryl systems by HB complexation.
In this article, the homo-and heterochiral selfassociation of 12 compounds that show axial chirality have been studied using density functional theory ͑DFT͒ ͑B3LYP/6-31ϩG**͒ and ab initio ͑MP2/6-31ϩG** and MP2/6-311ϩϩG**͒ methods. The atoms in molecules ͑AIM͒ and natural bond orbital ͑NBO͒ methodologies have been used to characterize the electron density and the orbital interactions, respectively. The presence of intermolecular bond critical points, confirmed by the NBO analysis, has been used to explain the relative stability of the complexes.
METHODS
A number of compounds with axial chirality have been selected for this work ͑Fig. 1͒. The selection of the systems studied ͑Fig. 1͒ has been carried out based on their small size and chemical variety. Thus, a set of three derivatives of hydrogen peroxide ͑1-3͒, three of hydrazine ͑4 -6͒, three of performic acid ͑7-9͒, one of N-hydroxyformamide ͑10͒, and two allenes ͑11͒ has been considered.
In all the cases, a HB donor center with a HB acceptor one are present in each molecule. Thus, only those configurations with a double HB interaction have been considered where each molecule acts as HB donor and acceptor simultaneously. In general, the homochiral and heterochiral complexes adopt a C 2 and C i symmetry, respectively.
The geometry of the monomers and complexes has been optimized at the B3LYP/6-31ϩG** ͑Refs. 7, 8͒ computational level with the GAUSSIAN 98 program. 9 The minimum nature of the complexes has been confirmed by frequency calculations. In addition, a further optimization has been carried out in all the systems at the MP2/6-31ϩG** and MP2/6-311ϩϩG** levels 10 within the frozen core ͑FC͒ approximation.
The interaction energy has been obtained as the difference of the energy of the dimers and two times those of the corresponding monomers. The interaction energy has been corrected from the inherent basis sets superposition error ͑BSSE͒ using the full counterpoise method of Boys and a͒ Author to whom correspondence should be addressed. 15 methodology allows us to study the bonding-antibonding orbital interactions. The king of interactions has been described to be the responsible of the stabilization in HB and other complexes.
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RESULTS AND DISCUSSION
Some of the molecules selected present small energy barriers between the two possible enantiomers but they can be used in theoretical calculations as suitable models of larger molecules for which no such detailed calculation can be carried out. In addition, experimental data of hydrazine clusters indicate the present of both enantiomers. 16 To our knowledge, of the ten compounds considered here, only the cases of one of the hydrogen peroxide dimers 1 and both hydrazine dimers 4 have been previously studied theoretically. The most stable dimer of HOOH was found, 17, 18 at the MP2/6-311ϩG** level, to be the one with C i symmetry which corresponds to the heterochiral dimer. However, the most stable configuration for the homochiral dimer, which corresponds to a C 2 symmetry, was left unexplored in these studies. The value reported for the C i dimer of HOOH at the MP2/6-311ϩG** level ͑Ϫ9.44 kcal/mol͒ ͑Ref. 16͒ ͑other authors found Ϫ6.31 kcal/mol at the MP2 level including the BSSE correction͒ 18 is similar to the ones calculated here ͓Ϫ8.98 ͑Ϫ7.72 with BSSE͒, Ϫ9.91 ͑Ϫ7.16 with BSSE͒, and Ϫ9.35 ͑Ϫ6.69 with BSSE͒ kcal/mol for the B3LYP/6-31ϩG**, MP2/6-31ϩG**, and MP2/6-311ϩϩG** calculations, respectively͔. In the case of hydrazine 4 both the homochiral and the heterochiral dimers have been calculated, the second one was the most stable by 0.5-0.8 kcal/mol ͓MP2/6-31ϩϩG** and CCSD͑T͔͒ 19 ͑see Table I , 0.5-0.7 kcal/mol͒. This author was not interested in chiral discrimination but IR spectroscopists found that the Sa/Ra dimer of hydrazine explain better the experimental observations than the Sa/Sa(Ra/Ra) dimer. 16 The relative energy and interaction energies of all the complexes studied here are gathered in Table I and the optimized structure of some of them are shown in Fig. 2 . In all the cases, the relative energies at the three methods used here are very similar in value and in all cases with the same sign, indicating that the same dimer is the most stable with the two methods. In the same way, the values obtained for the E I(CORR͒ are very similar in both methods used here.
The values of the BSSE and ZPE corrections are important to determinate the final value of the interaction energy. In some cases, the sum of the corrections can be up to 200% the value of the E I͑CORR͒ . However, the correction values are similar for the two dimers considered for each compound not altering significantly the energy differences without the corrections.
The comparison of the energetic results of the three methods used here indicates that the MP2/6-311ϩϩG** ones are more similar to the MP2/6-31ϩG** than the B3LYP/6-31ϩG** ones. Even though the latest provides the same trends than the former, the lack of an adequate treatment of dispersive interactions 3 by the DFT methods should be responsible of the small differences observed.
The interaction energies E I range between Ϫ6.5 and Ϫ18.5 kcal/mol while the corrected E I͑CORR͒ ones are between Ϫ2.7 and Ϫ12.5 kcal/mol. The sign of the relative energies indicates the stability of the homo, heterochiral dimers is divided half-and-half. All the complexes of the HOOR and RHNNHR dimers, with the exception of the HOOCF 3 ͑3͒, prefer the heterochiral disposition with chirodiastaltic energy differences between 0.4 and 0.7 kcal/mol. The opposite happened for the peracid and N-hydroxyformamide derivatives where the homochiral configuration is more stable by more than 2.0 kcal/mol.
In order to check that the source of the energy difference of the dimers came from the intermolecular interaction, the energy of the isolated monomers within the dimers have been compared. The energetic differences found between monomers account up to 10% of the relative energy of the dimers and in general with the opposite sign. Thus, the most stable dimers are formed with the less stable monomers.
Additional configurations have been studied in the HCOOOH compound at the B3LYP/6-31ϩG** level in analogy of those found for the HOOR derivatives ͑7Ј in Fig. 1͒ . These configurations are about 3 kcal/mol less stable than the ones shown in Fig. 1 as 7 .
The HB distances are very dependent of the systems considered being the average one 1.94 Å ͑Table II͒. In the case of the HOOR and RCOOOH the HB distance vary with the following order, CH 3 ϽHϽCF 3 . This result can be explained based on the effect of the R groups in the availability of electrons by the HB acceptor. The angles are in general less linear than it is expected for this kind of HB due to the structural limitation of the monomers, reaching in some cases values of 140°. The AIM analysis shows the presence of two bond critical points ͑bcp͒ between the atoms involved in the HB for all the complexes studied here ͑Table III͒. In addition, surprisingly, in the more compact complexes additional bcp are obtained between those O•••O atoms pairs that are closer than 3.1 Å. This distance is similar to the one obtained in the van der Waals complex H 2 CO•••OwC calculated at the MP2/6-31ϩG** ͑3.147 Å͒. 20 In addition to a short distance between the atoms, a partial overlap of the lone pairs seems to be necessary for the appearance of a bcp. As an example, the electron density graph of the two dimers of 7 showing the bond paths and critical points have been included in Fig. 3 .
The presence of the mentioned bcp between oxygen atoms seems to provide an extra stabilization towards the ones without it. Thus, 3 is the only case in the HOOR series of compounds studied here where the homodimer is more stable than the heterodimer. In the family of the peracid derivatives, the one with the shorter O•••O distance, which corresponds in all cases with the homochiral dimer, is the most stable. Bader has shown that the presence of a bond critical point and the corresponding bond path linking two nuclei provides additional stabilizing energy to the system independently of the nature of the atoms involved. 21 In the same direction, a transition stated that presented an intermolecular noncovalent O•••O bonding interaction in the hydrogen transfer assisted in the methoxy radical oxidation by O 2 was considered to be stabilized by the mentioned contact. 22 The NBO analysis ͑Table IV͒ of the complexes studied shows large energy interactions between the lone pair of the HB acceptor and the antibonding orbital of the X-H moiety of the HB donor as have been described for other HBs. These orbital interactions are strongest in the more stable dimers with the exception of the dimers of 6. In addition, in the peracid derivatives small interactions between the hydroxy moiety of one monomer and the antibonding orbital of the same group in the opposite monomer have been found in those cases where the AIM methodology predicts the existence of a bcp between the oxygen atoms. At the same time those dimers without bcp in the AIM analysis does not show the mentioned additional interactions in the NBO analysis.
Finally, a correlation between the HB distance and the bcp and its laplacian has been attempted for the 14 dimers where O•••H HBs are present. The results obtained ͑Fig. 4͒ indicate that the best fitting corresponds to an exponential relationship between the HB distance and the electron density parameters with very good correlation coefficients. These results agree with recent reports on the relationships of these properties for a variety of bonds.
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CONCLUSION
A theoretical study of the relative stability of the dimerization due to HB formation of twelve compounds that present axial chirality using DFT and MP2 methods. In each cases, the corresponding homo-and heterochiral dimer has been considered. The electron density of the complexes has been analyzed using the AIM methodology and the orbital interaction with the NBO method.
The energetic results indicate no clear preferences for any of the two possible dimers, ranging the chirodiastaltic differences between 0.2-2.8 kcal/mol. The electron density analysis shows that those complexes with additional intermolecular O•••O interaction are more stable than those without them. The presence of these bcp is related to a short interatomic distance and to a partial overlap of the lone pairs of the atoms involved. In addition, the NBO analysis indicates small stabilizing orbital interactions in the additional intermolecular contact found in the AIM analysis. 
